The biosynthesis of haem requires eight enzymes, whereas its catabolism requires three. The first and last three steps in haem biosynthesis take place in the mitochondria ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}). At the first step, 5-aminolevulinic acid (ALA) synthase catalyses the condensation of glycine and succinyl-CoA to form ALA[@b1][@b2]. Ferrochelatase is the terminal enzyme in haem biosynthesis, catalysing the insertion of ferrous ions into protoporphyrin IX (PPIX) to form haem[@b3][@b4]. The synthesised haem is transported outside of mitochondria and utilised for the maturation of haem proteins. Haem metabolism is known to be regulated at several steps and is additionally dependent on the control of the circadian rhythm, hormones, and oxidative stress. Moreover, haem itself regulates its own homeostasis, cell differentiation, and cell proliferation[@b5][@b6][@b7]. However, little is known regarding the link between haem and other metabolic processes.

Bilirubin is the end product of haem degradation. It is produced by the action of haem oxygenase (HO), which degrades haem to produce biliverdin, iron, and carbon monoxide (CO)[@b8][@b9]. Lastly, cytosolic biliverdin reductase produces bilirubin, which is excreted after conjugating with glucuronate in the liver. HO (known as HO-1 and HO-2) serves as a regulator to maintain the intracellular level of haem. Iron produced by HO is reutilised as functional iron in proteins[@b10][@b11][@b12]. Bilirubin possesses antioxidant properties[@b13][@b14]. Water-insoluble unconjugated bilirubin bound to albumin is transferred to hepatocytes and taken up by the action of multiple transport systems[@b13][@b14]. After glucuronidation of bilirubin by hepatic enzymes, conjugated bilirubin is excreted to bile. Disrupted regulation of the hepatobiliary transport system has been shown to lead to jaundice in various hepatic disorders[@b14][@b15]. Although bilirubin in bile is reported to be derived predominantly from haemoglobin of senescent erythrocytes via the hepatic metabolic pathway[@b15], the generation and transport of bilirubin in peripheral tissues have not been reported. In addition, CO can be related to cytoprotection against oxidative damage via reaction with stress-inducible HO-1[@b16][@b17]. Therefore, the physiological roles of the induction of HO-1 seem to be the preservation of tissue integrity against oxidative stress, contribution to the modulation of inflammatory responses *in vivo*, and acting as a tissue defence mechanism[@b16][@b17][@b18]. However, the precise mechanism by which HO-1 mediates its protective functions remains unknown.

Recently, it was found that the eel fluorescent protein UnaG binds unconjugated bilirubin with high affinity[@b19]. The quantification of bilirubin in tissues and serum has been suggested as a useful application for UnaG. We examined the generation of bilirubin in human cells using UnaG, finding that all of the cell types examined continuously generate and export bilirubin, beginning with haem biosynthesis. In addition, cells maintain the flow of haem metabolism and produce and export the end product bilirubin. This continuous stream of haem metabolism is required for protection from cellular stresses and the maintenance of cellular homeostasis.

Results
=======

Biosynthesis of bilirubin in the cells and its export into medium
-----------------------------------------------------------------

UnaG was found to bind to unconjugated bilirubin, with this complex becoming fluorescent[@b19]. To examine the generation of bilirubin in human cells, we first measured the level of bilirubin in cell culture using recombinant UnaG ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}). Because foetal calf serum (FCS) contains bilirubin (7-10 pmol/ml), we used bilirubin-free synthetic medium VP-SFM instead of FCS-containing DMEM medium to examine the level of bilirubin. The level of bilirubin in the media of HEK 293T, HeLa and HepG2 cells increased linearly up to 5 h ([Fig. 1a](#f1){ref-type="fig"}). The amounts of bilirubin produced by DLD-1, Alexander, A431, and MCF7 cells were similar to those produced by HeLa cells. Detectable but low amounts of bilirubin were released from human erythroleukaemia K562 cells in a time-dependent manner ([Fig. 1b](#f1){ref-type="fig"}). Treatment of K562 cells with haemin resulted in an increase in the production of bilirubin. Immunoblotting revealed that certain enzymes, including HO-1, HO-2, biliverdin reductase A (BVRA), and biliverdin reductase B (BVRB), which were involved in the formation of bilirubin from haem, were ubiquitously expressed in these cells, with the exception that HO-1 was not expressed in K562 cells ([Fig. 1c](#f1){ref-type="fig"}). These results indicated that all of the cells examined constantly generate bilirubin. When HEK293T cells were treated with ALA, haemin, or biliverdin, the level of bilirubin in the medium was markedly increased ([Fig. 2a](#f2){ref-type="fig"}). Conversely, no bilirubin in the medium was detected by the treatment of cells with succinyl acetone (SA), a specific inhibitor of ALA dehydratase. When cells were treated with Sn-protoporphyrin (Sn-PP), an inhibitor of HO, or *N-*methyl protoporphyrin (N-MePP), an inhibitor of ferrochelatase, bilirubin levels in the medium were decreased ([Fig. 2b](#f2){ref-type="fig"}). Zn-protoporphyrin (Zn-PP) completely abolished bilirubin formation. We also examined the intracellular level of haem in HEK cells. As shown in [Fig. 2c](#f2){ref-type="fig"}, haem was slightly increased by ALA or iron citrate treatment while SA treatment decreased its level. Next, we examined the generation of bilirubin with HepG2 and HeLa cells that stably expressed UnaG ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). The cells in bilirubin-free medium exhibited fluorescence ([Fig. 2d](#f2){ref-type="fig"}; [Supplementary Fig. S4](#S1){ref-type="supplementary-material"}). The intensity of the fluorescence in cells and medium was increased by the treatment with ALA, haemin, and bilirubin ([Fig. 2e](#f2){ref-type="fig"}), whereas SA decreased the fluorescence. The level of UnaG in HepG2 cells expressing UnaG was not changed by any of the treatments ([Fig. 2f](#f2){ref-type="fig"}). We next compared bilirubin formation with or without SA. This treatment decreased the intracellular level of bilirubin in the medium, even following the addition of haemin or bilirubin ([Fig. 3a,b](#f3){ref-type="fig"}), indicating that *de novo*-synthesised bilirubin was preferentially utilised as a ligand of UnaG.

HO-1 induction by sodium arsenite, cadmium chloride, and diethyl malate (DEM) did not increase the formation of bilirubin
-------------------------------------------------------------------------------------------------------------------------

Although it is known that HO-1 induction by the HO-1 inducer haemin increases intracellular iron[@b1][@b20], it is not clear whether the non-haem inducer of HO-1 affects bilirubin formation. When we treated HEK293T cells with sodium arsenite, cadmium chloride, and diethyl malate (DEM), the level of HO-1 increased ([Fig. 4a](#f4){ref-type="fig"}). The treatment of HEK cells with these insults either decreased or slightly increased the formation of bilirubin, indicating that no significant increase in the formation occurs under stress-induced conditions ([Fig. 4b](#f4){ref-type="fig"}). HepG2 cells expressing UnaG in all tested treatments also showed no significant change in the bilirubin formation intra- or extracellularly, except for a slight increase in bilirubin in cadmium ion-treated cells ([Fig. 4c](#f4){ref-type="fig"}). Furthermore, SA treatment of HepG2 cells diminished bilirubin in the medium even in the presence of the inducers ([Fig. 4d](#f4){ref-type="fig"}). These results indicate that the turnover or degradation of haem within haem proteins cannot be accelerated under stress conditions.

Export of bilirubin from cells via transporters
-----------------------------------------------

To examine how cells export bilirubin into the medium, cells were incubated in the absence or presence of bovine serum albumin (BSA). The presence of BSA led to a marked increase in the release of bilirubin ([Fig. 5a](#f5){ref-type="fig"}), indicating that albumin is necessary to export bilirubin from cells. We next treated cells with MK571, an inhibitor of ABC-type pump protein MRP2/3. The level of bilirubin in the medium decreased depending on the concentration of MK571 ([Fig. 5b](#f5){ref-type="fig"}). Interestingly, intracellular bilirubin was concomitantly decreased. Another inhibitor of the pump protein ABCG2, Ko143, slightly decreased the level of bilirubin in the medium and cells ([Fig. 5c](#f5){ref-type="fig"}). These results indicate that pump proteins, including MRP2/3, can be involved in the export of bilirubin and that inhibition of the export of bilirubin by these inhibitors suppressed *de novo* synthesis of bilirubin. Separately, when we examined the level of protoporphyrin and haem in MK571- or Ko143-treated cells, an accumulation of protoporphyrin and a decrease of haem were observed (data not shown). These results suggest that these inhibitors may block the transport of porphyrin or haem in mitochondria.

The cytoprotective roles of biliverdin and bilirubin in the HO reaction
-----------------------------------------------------------------------

To examine the physiological roles of the continuous intracellular generation of haem and its rapid turnover to bilirubin, cells were exposed to damage insults such as menadione and DEM[@b21][@b22]. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to evaluate cell damage. When HEK293T cells were treated with DEM and SA in combination, cell death was increased compared with that upon treatment with DEM alone ([Fig. 6a](#f6){ref-type="fig"}). The cessation of haem biosynthesis leads to sensitivity to oxidative damage. The addition of 10 μM haemin to DEM- and SA-treated cells led to a restoration of cell viability. Higher concentrations of haemin (20-50 μM) induced cytotoxicity (data not shown). We then incubated DEM- and SA-treated cells with the reaction product of HO. Cell death was decreased compared with that upon the treatment without biliverdin, while the CO-forming chemical tricarbonyldichlororuthenium (II) dimer (CORM2) did not mitigate the cell damage. Bilirubin added exogenously at low concentrations (0.1 μM) resulted in the prevention of DEM- and SA-induced cell death. The cell damage caused by menadione plus SA was also reduced by biliverdin and bilirubin but not by CORM. The treatment of cells with DEM in the presence of Zn-PP increased cell death, and the addition of haemin slightly increased the number of living cells ([Fig. 6b](#f6){ref-type="fig"}), suggesting that the reaction of HO contributes to the resistance to cell damage. The cell damage caused by DEM with Zn-PP was not restored by CORM2, but restoration was observed following treatment with biliverdin. These results suggested that the flow of the production of biliverdin and bilirubin by the HO reaction in cells has a cytoprotective role.

Discussion
==========

In this study, we first demonstrated that various cells constantly produce and degrade haem. Bilirubin is ultimately generated and is subsequently exported from the cells into the medium. To eliminate the influx of bilirubin into the medium, we used bilirubin-free medium, finding that all of the cells examined constantly produced bilirubin. All cells examined express enzymes involved in haem catabolism ([Fig. 1c](#f1){ref-type="fig"}). Erythroleukaemia K562 cells produced approximately one-tenth of the bilirubin produced by HEK 293 and HepG2 cells. K562 cells do not express HO-1, but HO-2 degrades haem to form biliverdin, which is reduced to bilirubin by biliverdin reductase (BVR). Thus, even erythroid cells, which utilise haem in large amounts for haemoglobin synthesis, produce bilirubin through the degradation of haem. Kumagai *et al.* (2013)[@b19] reported that bilirubin is amply present in whole brain of mouse embryo (E16.5) and HeLa cells as determined by UnaG fluorescence. An early study[@b23] used a pulse-labelled experiment with radioactive ALA or iron, reporting that there was rapid degradation of newly synthesised haem in rat liver and isolated hepatocytes. From these findings, we concluded that mammalian cells constantly synthesise bilirubin from the initial step of haem biosynthesis through a haem-metabolising pathway.

Exposure of cells to non-haem stress inducers, including arsenite, cadmium ions, and DEM, resulted in the induction of HO-1 expression, but only small changes were shown in the production of bilirubin ([Fig. 4b,c](#f4){ref-type="fig"}). Furthermore, treatment with SA led to complete cessation of bilirubin production under the arsenite-, cadmium-, and DEM-induced stress conditions. This observation indicates that the induction of HO-1 was not always coupled to the degradation of the haem moiety of haem protein to protect the cells from oxidative stress. Similar observations were made by Shetefel *et al.*[@b24]; namely, that the non-haem inducer arsenite induced the expression of HO-1 in mouse macrophage RAW264.7 cells but did not alter the cellular metabolism of iron. These authors also found that cells stably overexpressing HO-1 were protected from oxidative stress, but ferritin synthesis did not increase. An *in vivo* study[@b25] showed that the urinary level of bilirubin in arsenite-administered mice was modest to strong following the induction of hepatic HO-1. Urinary bilirubin quickly returned to the basal level, although hepatic HO-1 continued to be expressed at a high level. Therefore, the induction of HO-1 is not related to the degradation of haem under oxidative stress, but other processes may occur in response to cellular stresses. In contrast, it is thought that increased HO-1 results in acceleration of the degradation of intracellular haem and the subsequent change in the intracellular status of iron[@b26]. These events may be related to cytoprotection against oxidant stress. In fact, it was observed that the overexpression of HO-1 altered the intracellular distribution of iron, leading to a cytoprotective effect against hydrogen peroxide[@b18]. On the basis of these observations, there is not always a correlation between the induction of HO-1 and the degradation of haem and iron metabolism. However, the regulation of haem and iron metabolism is cell-specific. Considering that the expression of catalytically inactive HO-1 or HO-2 still resulted in a cytoprotective effect against oxidative stress[@b27][@b28], native HO can be said to be sufficiently cytoprotective; alternatively, the cytoprotective function of HO can be separated from the extent of haem degradation by the HO reaction.

The principal metabolic route for the removal of excess bilirubin is conjugation with glucuronic acid in the liver and elimination in bile, a reaction catalysed by hepatic UDP-glucuronyl transferase. Previous studies[@b13][@b14][@b15] reported that several types of ABC-type pump proteins, including MRP2/3 and ABCG2 in hepatocytes, are involved in the export of conjugated or unconjugated bilirubin to bile. Most studies on the production and transport of bilirubin were performed in hepatocytes, but not in non-hepatocytes. The present study demonstrated that the ABC-type transport protein family, including MRP2/3 and ABCG2 at the plasma membrane, can be involved in the extracellular export of bilirubin in HepG2 cells given that the inhibitors of the pump proteins MK571 and Ko143 decreased bilirubin in medium. The fact that the substrate specificities of MK671 and Ko143 are not specific for MRP2/3 and ABCG2[@b29], respectively, indicates that multiple exporters can be involved in the export of bilirubin. It is notable that the level of bilirubin in MK571- or Ko143-treated cells decreased in a manner dependent on the decrease of bilirubin in the medium. These results suggest that feedback regulation exists at some step in the haem metabolic pathway, functioning to stop the export of bilirubin. Furthermore, an accumulation of protoporphyrin was observed in MK571-treated cells, indicating that this drug inhibited the final step of haem biosynthesis or mitochondrial haem transporter Flvcr1b[@b30].

Many studies[@b8][@b10][@b31] have shown the cytoprotective effect of the HO reaction or its products CO, biliverdin, and bilirubin. We have found that haem is constantly synthesised, degraded, and finally converted to bilirubin. In addition, cells constantly generate CO, biliverdin, and bilirubin at the basal level ([Figs. 2](#f2){ref-type="fig"},[3](#f3){ref-type="fig"}). Therefore, to examine the physiological significance of the continuous turnover of haem (i.e., the haem stream), cells were exposed to the oxidative reagents DEM and menadione. Cell damage was increased by treatment with SA, indicating that haem synthesis is necessary for protection against oxidative damage. The addition of 10 μM haemin partially reversed the cell damage, indicating that the haem stream is essential for protecting against oxidative damage. Conversely, exogenously added haemin at excess amounts caused cell damage. Thus, haem is a double-faced molecule: at physiological levels, it performs its essential functions, whereas excess levels of haem result in oxidative stress or cell injury. In the presence of Zn-PP, a competitive inhibitor of the HO reaction, the cells became sensitive to damage, suggesting that HO reaction products are possible protectors against the damage.

Lastly, biliverdin and bilirubin, but not CO, mitigated the cell damage. Bilirubin at a low concentration (100 nM) was effective at preventing cell damage, but did not have an effect at higher concentrations (1-10 μM). In the culture medium containing 10% FCS, the concentration of bilirubin corresponded to approximately 1 nM bilirubin, which is insufficient to prevent oxidative stress. However, considering that another investigation[@b32] showed that the treatment of cells with 1-20 μM bilirubin induced HO-1 via activation of the stress-responsive transcription factor Nrf2, the use of bilirubin at higher concentrations caused cell stress. On the basis of our findings that bilirubin in SA-treated cells was not completely complemented by exogenously added bilirubin ([Fig. 3a,b](#f3){ref-type="fig"}), it seems that *de novo*-generated bilirubin in cells is much more effective at preventing cell damage than exogenously added bilirubin. Therefore, it is possible that the conversion of biliverdin to bilirubin by BVR may play an important role in the cytoprotection against oxidative damage. In this regard, BVR regulated by the substrate biliverdin becomes a transcription factor that is a critical regulator of innate immune responses resulting from acute insult and injury[@b33][@b34].

Although we did not observe a protective effect of CO against DEM- and menadione-induced cell damage, it is known that CO is beneficial for cell survival *in vitro* and *in vivo*[@b16][@b31]. The present data indirectly demonstrate that CO is constantly formed by the HO reaction and suggest that CO binds to unknown molecules, such as reduced haem proteins. This can be inferred from the fact that CO shows high affinity for reduced forms of haemoproteins, thereby stabilising them or preventing their oxidative denaturation.

It is well known that approximately 80% of bilirubin formed each day is derived from the degradation of erythrocyte haemoglobin[@b35]. The remaining 20% is from insufficient erythropoiesis in bone marrow and the degradation of other haem proteins. Studies on bilirubin metabolism have been mainly conducted with human and animal livers[@b14][@b15]. The present data provide evidence that bilirubin in peripheral cells is directly generated via the haem stream pathway and not always via haem proteins. Earlier studies[@b36][@b37] have shown that when radiolabelled ALA was injected into rats, radioactive bilirubin appeared in bile within 15 min. This bilirubin may have been derived from a rapidly turning over pool of cytosol in hepatocytes that is degraded without incorporation into haem proteins. The present results demonstrate that newly synthesised haem is continuously turned over to bilirubin in a variety of tissues. Bilirubin is exported extracellularly, bound to albumin, and transported to the liver through the circulatory system. The liver has the capacity to take up a very large amount of bilirubin every second. In this regard, patients with haemolytic anaemia suffer hyperbilirubinaemia due to an elevation of unconjugated bilirubin in serum, which can be caused by the overproduction of bilirubin[@b13][@b15]. A decrease of bilirubin clearance by hepatocytes may cause the accumulation of unconjugated bilirubin, but this is very rare[@b38][@b39]. Possible defects in bilirubin transporters remain to be identified and may be linked to unidentified severe diseases. The normal liver expresses a large number of multiple transporters, including anion organic acid transporters, which can eliminate a great deal of bilirubin from the circulation and by conjugation with glucuronate.

Methods
=======

Materials
---------

Restriction endonucleases and DNA-modifying enzymes were purchased from Takara Co. (Tokyo, Japan) and Toyobo Co. (Tokyo, Japan). Antibodies for flag-tag, BVRA, and BVRB were products of Sigma (St. Louis, MI). The polyclonal antibody for actin (sc-1615) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies for HO-1 and HO-2 were as previously described[@b12]. ALA, MK571, Ko143, and SA were purchased from Sigma Co. (St. Louis, MI). Sn-PP and Zn-PP were products of Porphyrin Products (Logan, UT). All other chemicals were of analytical grade.

Construction of the UnaG expression plasmid
-------------------------------------------

To construct a bacterial expression vector carrying UnaG, pcDNA3-flag-UnaG[@b19] was digested with BamHI and EcoRI, and the isolated insert was ligated into the BamHI and *Eco*RI sites of pET32a (+) (Merck, Tokyo, Japan). Thus obtained pET-UnaG was transformed into the BL21 strain. UnaG was induced with 0.3 mM isopropyl thiogalactopyranoside (IPTG) and purified with nickel ion beads (Qiagen, Tokyo, Japan).

Cell culture
------------

Human epithelial cervical cancer HeLa cells, human hepatoma HepG2 cells, human epidermal carcinoma A431 cells, human breast cancer MCF7 cells, human hepatoma Alexander (PLC/PRF/5) cells, and human embryonic kidney HEK293T cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 7% FCS, penicillin (100 units/ml), and streptomycin (100 μg/ml). Human colon cancer DLD-1 cells and human erythroleukemia K562 cells were grown in RPMI1640 medium containing 7% FCS and antibiotics. HEK293T cells were transfected with pcDNA3-flag UnaG[@b19] using Lipofectamine 2000 (Invitrogen) and incubated for 16 h. For the establishment of stable transfection of HepG2 and HeLa cells, pcDNA3-flag UnaG (10 μg) was transfected with calcium phosphate into HepG2 or HeLa cells, as described previously[@b40]. For selection, G418 (Wako Chemicals, Tokyo, Japan) at a final concentration of 300 μg/ml was added to the culture medium. After 5 days, colonies of the G418-resistant cells were trypsinised, seeded in a 24-well tissue culture plate, and cultured in medium containing G418 (300 μg/ml). Individual clones were isolated and examined for the expression of UnaG by fluorescence microscopy. Four UnaG-expressing clones were obtained, mixed to avoid clonal variation, and maintained in DMEM containing 7% FCS and antibiotics. As control cells (Mock), HepG2 cells were transfected with pcDNA3.1 vector, and G418-resistant cells were isolated. Haem content in the cells was estimated colourimetrically using the haem-assay kit (Bioassay System, Hayward, CA).

Fluorescence assay of bilirubin
-------------------------------

The cells were cultured with bilirubin-free synthetic VP-SFM medium (Life Technologies, Grand Island, NY) containing 2.0 mg/ml BSA. The expression of UnaG in living cells was observed using a Nikon fluorescence microscope Model ECLIPSE E600 (Tokyo, Japan). Following cell lysis by sonication, the level of bilirubin bound to UnaG was examined by the fluorescence and measured using a spectrofluorometer, with excitation at 480 nm and emission by scanning from 500 to 550 nm[@b19] . To estimate the level of bilirubin in the medium, the medium (1.0 ml) was incubated with the recombinant his-tagged UnaG (2 μg) for 1 h at 25 °C, after which the UnaG was trapped with Ni^2+^ beads (Qiagen, Tokyo, Japan). After washing with TBS, the UnaG was eluted with TBS containing 300 μM imidazole. The fluorescence in the eluates was examined.

Immunoblotting
--------------

The lysates from the HEK293T cells were subjected to SDS-PAGE and electroblotted onto a poly(vinylidene difluoride) (PVDF) membrane (Bio-Rad Laboratories, Hercules, CA). Immunoblotting was carried out as described previously[@b12][@b40].

MTT assay
---------

The cells were treated with chemical insults for 24 h and then pulsed with MTT (500 μg/ml) for 1 h; the resultant MTT formazan was solubilised with isopropanol. Absorbance at 590 nm was measured with a Microplate Reader NJ2001 (Japan InterMed. Co., Tokyo, Japan). Each experiment was carried out in quadruplicate or sextuplicate.

Statistics
----------

Results are shown as the mean ± SD and were analysed using unpaired Student's t-test. All statistical analyses were considered significant at the level of *p* \< 0.05 using GraphPad Prism software version 5.02 (GraphPad Software, Inc., CA)[@b12][@b40].
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![The production and export of bilirubin in human cells. (**a**) Time course of bilirubin released from cells in culture medium. HEK293T, HepG2, and HeLa cells were incubated with FCS-free VP-SFM medium plus 2.0 mg/ml bovine serum albumin (BSA). At the indicated time, aliquots of the media were withdrawn and incubated with recombinant his-tagged UnaG (2 μg/ml) for 1 h, followed by shaking with nickel ion beads for 30 min. After washing the beads twice with 10 mM Tris-HCl, pH 7.5, containing 150 mM NaCl (TBS), UnaG was eluted with TBS containing 300 mM imidazole. The fluorescence in elutes was examined by fluorospectrophotometry. (**b**) The production of bilirubin in K562 cells. K562 cells were incubated without or with 20 μM haemin, under conditions similar to those above. Bilirubin in the medium was estimated using fluorophotometry. (**c**) Immunoblot analysis of proteins involved in the generation of bilirubin. The cellular proteins of the indicated human cells were analysed by SDS-PAGE and electroblotted onto a PVDF membrane. The immunoblotting was performed with primary antibodies for HO-1, HO-2, BLVRA, BLVRB, and actin.](srep10488-f1){#f1}

![Changes in the production of bilirubin and levels of intracellular haem by treatment with a haem biosynthesis inhibitor, SA, or bilirubin precursors. (**a**) Bilirubin in culture medium. After incubation of HEK293T cells for 7 h, the culture medium was incubated with the recombinant UnaG and then with nickel beads. After washing the beads, the proteins were eluted. Bilirubin was estimated using fluorophotometry. The data are expressed as the mean ± standard deviation (SD) (n = 4 for each group). \*, *P* \< 0.005 and \*\*, *P* \< 0.001 vs. control. (**b**) Effect of the inhibitors. The cells were incubated in the presence of the indicated inhibitors for 16 h. The level of bilirubin in the medium was estimated as above. (**c**) Haem content. HEK293T cells were incubated in the FCS-free VP-SFM medium in the presence of the indicated compounds for 16 h. The intracellular level of haem was estimated by a haem-detection assay. The data are expressed as the mean ± SD (n = 4 for each group). \*, *P* \< 0.01 vs. control. (**d**) Microscopic observation. UnaG-expressing HepG2 transfectants were incubated in the FCS-free medium in the presence of the indicated compounds for 16 h. The living cells were directly observed by fluoromicroscopy. Bar: 20 μm. (**e**) Intra- and extracellular levels of bilirubin. HepG2 cells treated as above were collected, washed twice with PBS, and lysed with TBS containing 0.3% Tween 20. The fluorescence of the lysates and medium was examined by spectrophotometry. The data are expressed as the mean ± SD (n = 4 for each group). \*, *P* \< 0.01 and \*\*, *P* \< 0.05 vs. control. (**f**) Immunoblot analysis of UnaG. UnaG-expressing HepG2 transfectants were treated with the indicated compounds for 16 h. The cellular proteins were analysed by SDS-PAGE, followed by immunoblotting. Anti-flag and anti-actin were used as the primary antibodies.](srep10488-f2){#f2}

![Effect of succinyl acetone (SA), haemin, or bilirubin on the generation of bilirubin in HepG2 cells expressing UnaG. (**a**) Microscopic observation. The cells were incubated in BSA-containing VP-SFM medium without or with 1 mM SA for 16 h. The cells were also treated with 20 μM haemin and 1 μM bilirubin. The fluorescence in living cells was examined by fluoromicroscopy. (**b**) Intra- and extracellular levels of bilirubin. The cells were incubated as above. Bilirubin levels in the cells and in the culture medium were examined. The data are expressed as the mean ± SD (n = 3 for each group). \*, *P* \< 0.005.](srep10488-f3){#f3}

![Generation of bilirubin in arsenite-, cadmium-, and diethyl malate (DEM)-treated HEK 293T and HepG2 cells. (**a**) Immunoblot analysis. HEK293T or HepG2 cells were treated in FCS-free medium with 1 μM sodium arsenite, 1 μM cadmium chloride, or 100 μM DEM for 16 h. The proteins in the cells were analysed by SDS-PAGE and electroblotted on a PVDF membrane. Immunoblotting was performed with anti-HO-1, anti-HO-2, and anti-actin as the primary antibodies. (**b**) Bilirubin in the culture medium. After treatment of HEK293T cells as above, bilirubin levels in the medium were examined using the recombinant UnaG. The data are expressed as the mean ± SD (n = 4 for each group). \*, *P* \< 0.01. (**c**) Bilirubin in UnaG-expressing HepG2 cells upon exposure to stress insults. HepG2 cells expressing UnaG in FCS-free VP-SFM medium were incubated with 10 μM sodium arsenite, 1 μM cadmium chloride, or 100 μM DEM for 16 h. The cells were collected, washed with PBS, and lysed. The fluorescence in cell lysates was measured by fluorospectrophotometry. The level of bilirubin in the culture medium was also estimated. \*, *P* \< 0.01. (**d**) Bilirubin in SA-treated HepG2 cells. The cells were also treated with chemicals as above in the presence of 1 mM SA for 16 h. Intra- and extracellular bilirubin levels were determined. The data are expressed as the mean ± SD (n = 4 for each group).](srep10488-f4){#f4}

![Effect of inhibitors of ABC-type transporters on the export of bilirubin. (**a**) Effect of BSA on the export of bilirubin. HepG2 cells expressing UnaG were incubated in FCS-free VP-SFM medium without or with 2.0 mg/ml BSA for 16 h. The levels of bilirubin in the cells and culture media were estimated as above. The data are expressed as the mean ± SD (n = 3 for each group). \*, *P* \< 0.01 vs. control (+BSA). (**b**) Effect of MK571. HepG2 cells in BSA containing FCS-free VP-SFM medium were treated with the indicated concentrations of MK571 for 16 h. The levels of bilirubin in the cells and culture media were estimated as above. (**c**) Effect of Ko143. Bilirubin levels in the cells and the media were examined.](srep10488-f5){#f5}

![The increase of oxidative damage by inhibition of haem metabolism and the restoration by biliverdin and bilirubin. (**a**) The increase of cell damage with SA and restoration by biliverdin and bilirubin. HEK293T cells were incubated with 200 μM DEM and 20 μM menadione with or without 1 mM SA. At the beginning of incubation, 10 μM haemin, 40 μM CORM2, 1 μM biliverdin, or 0.1 μM bilirubin was also added to the culture medium. After 24 h of incubation, an MTT assay was carried out to evaluate cell damage. The data are expressed as the mean ± SD (n = 6 for each group). \*, *P* \< 0.01 and \*\*, *P* \< 0.05 vs. treatment with DEM plus SA. (**b**) Effect of Zn-protoporphyrin (Zn-PP), biliverdin, and bilirubin on oxidative damage. HEK293T cells were treated with chemicals as above, except for the use of 10 μM Zn-PP instead of the addition of SA. Cell damage was examined by MTT assay. Data are expressed as the mean ± SD (n = 5 for each group). \*, *P* \< 0.01.](srep10488-f6){#f6}
